Background Edge wear is an adverse factor that can negatively impact certain THAs. In some metal-on-metal THAs, it can lead to adverse tissue reactions including aseptic lymphocytic vasculitis-associated lesions and even to pseudotumor formation. In some ceramic-on-ceramic THAs, it can lead to squeaking and/or stripe wear. Edge wear in metal-on-metal and ceramic-on-ceramic THAs can also be associated with accelerated wear across the articulation of these joints. Questions/purposes I asked: Does edge wear occur in metal-on-polyethylene (MOP) articulations? And if so, does it increase joint wear? Methods I examined the evidence in the literature for edge wear occurring in MOP THA and then assessed the evidence in the literature for data supporting the concept that edge wear in MOP hips could accelerate wear across the articulation over time. * Steady state refers to the rate after the bedding-in period; MOP = metal-on-polyethylene; AML 1 = Anatomic Medullary Locking; ETO = ethylene oxide.
Introduction
Edge wear is defined as a local area of wear secondary to edge loading located at or near the edge of the acetabular component in THA. Edge wear may result from several different mechanisms. It is commonly related to impingement or associated with subluxation or dislocation. It may also be caused by microseparation and may be related to malposition of either the acetabular or femoral component or both or to unusually wide ROMs.
In metal-on-metal (MOM) articulations for THA, edge wear is recognized as a complicating factor that can lead to metallosis [10] , adverse tissue reaction including aseptic lymphocytic vasculitis-associated lesions [30] , and pseudotumor formation [13, 21] , and in some cases, it is associated with accelerated wear of the entire articulation [7, 12] , not just at the site of the edge wear. Similarly, for ceramic-on-ceramic (COC) THA articulations, in some studies, edge wear has been associated with squeaking [9, 11, 23, 29] and/or stripe wear [26, 30] of either the femoral head or the acetabular component or both, and in some situations, it can be associated with accelerated wear of the whole joint [17] . In view of the evidence showing edge Massachusetts General Hospital has received, in any 1 year, funding from Biomet, Inc (Warsaw, IN, USA), Zimmer, Inc (Warsaw, IN, USA), and DePuy Orthopaedics, Inc (Warsaw, IN, USA). The author certifies that he has or may receive payments or benefits, in any 1 year, an amount in excess of $100,000 from Zimmer, Inc, related to this work. The author certifies that he has a patent planned or pending or issued that has been assigned to the Massachusetts General Hospital, which has licensed it to Zimmer, Inc. wear in hard-on-hard bearings and the observation that it may produce accelerated wear of the articulation, it seemed reasonable to inquire whether these two phenomena, edge wear and accelerated general wear, occur with metal-onpolyethylene (MOP) THA joints.
I assessed the published literature to determine whether (1) edge loading was common in MOP THA joints and (2) edge wear would accelerate the general wear in those joints.
Search Strategy and Criteria
The literature search was limited to the years 1971 to 2011 and included only articles published in English. These dates were chosen because data of at least 9 years of followup appeared to be required to provide applicable quantitative information on changes in rates of wear or penetration over time. Shorter durations would likely be unable to provide evidence of statistically significant changes in rate during the steady-state period of penetration or wear after the bedding-in period, which included creep. These dates were also chosen for evaluating the question of edge loading in MOP THA because such data require either retrieval analysis or fluoroscopic analysis and it seemed most likely important data on this subject would be most prevalent after the first decade of experience with the UHMWPE, which was introduced in November 1962. The sources of data were (1) studies on edge loading in MOP THA, (2) studies on wear in MOP THA, and (3) studies on edge loading and wear in hard-on-hard THA.
The literature on whether or not edge loading occurred in MOP THA was reviewed. Because during the first four decades of THA the term edge loading was not commonly used, evidence of edge loading was also sought under other headings such as impingement and microseparation. Because the published literature on the occurrence of impingement/edge loading and edge wear in MOP THA was so voluminous, only illustrative examples of this question were included.
Data from long-term studies of wear of MOP articulations from the literature were evaluated to inquire whether the rates of general wear in MOP articulations accelerated over time after the phase of creep and/or bedding-in had ended. The literature on serial data on quantification of wear rates or penetration rates over durations of 9 years or more was selected from the literature on wear or penetration, including both radiographic and retrieval data. The inclusion criteria of the minimum of 9-year data and of the requirement for multiple serial data points sharply reduced the number of applicable reports. I used an Ovid Medline 1 search with the following parameters: (1) Hip Prosthesis/or hip.mp, (2) Polyethylene/, (3) 2 or polyethylene.mp, (4) 1 and 3, (5) wear.mp, (6) 4 and 6, (7) wear.ti. and 6, (8) limit 7 to (English and humans), (9) limit 8 to yr = ''1971-2011''. This search yielded 606 articles. If the titles suggested the possibility of pertinent data, the abstracts were read, and if the abstract appeared to contain data of possible utility, each article was read. In addition, my extensive reprint files were searched. Only seven publications (reporting on eight series of patients) on serial quantification of wear or penetration data met the criteria [2-5, 8, 20, 22] (Table 1) . Also under the heading of microseparation, the experimental data were assessed on wear of the MOP THA joints, derived from modified hip simulators capable of modeling microseparation.
Data on the influence of edge loading in hard-on-hard THA bearings on general wear rates over time were gleaned from the literature from both clinical and experimental studies, searched over the years 2000 to 2011. Because the manuscript was not directed toward the influence of edge loading in MOM and COC THA, only illustrative papers on these subjects were included. I reviewed 113 articles and selected 30 as germane to the questions evaluated [1-14, 16, 17, 19-23, 25-33] .
Results

Evidence for Edge Loading in MOP THA
Impingement is a common form of edge loading in MOP THA. Wroblewski [32] found impingement in 14 of 22 retrieved Charnley sockets (64%), while Birman et al. [1] noted 32% and Shon et al. [25] found 56%. Among the latter's findings was that 94% of those revised for recurrent dislocation had impingement, and in their overall group, 41% had impingement, despite more than 1 .
2 of the acetabular components being in acceptable position. Despite using larger-diameter heads up to 32 mm in size, the incidence of impingement was found by some studies to be likewise high and could be influenced by factors such as acetabular and/or femoral positions, polyethylene designs such as extended lip liners, etc. For example, Yamaguchi et al. [33] found, in a series of 111 retrieval MOP THA specimens, even using 32-mm heads, the incidence of impingement was 39% among all components, 94% of which had extended lip liners.
Impingement was also associated with another form of edge wear in that subluxation and/or recurrent dislocation generated edge loading not only at the dislocation site but also at the contre-coup site opposite the region of dislocation or subluxation [19] .
Microseparation has been well demonstrated in MOP THA [16] . The relationship between microseparation, edge loading, and wear across the joint was evaluated experimentally by Fisher's group [26, 27, 31 ] using a model system that simulated microseparation in a modified hip simulator. Their model showed microseparation produced both edge wear and accelerated general wear in COC articulations, as well as in MOM joints using the same type of model [14] . In contrast, for MOP THA under the same experimental conditions, deformation occurred at the edge of the polyethylene acetabular component (plastic deformation and edge wear), but the overall wear of the articulation was not accelerated. Rather, it was decreased [31] .
Relationship Between Edge Wear and Long-term Overall Wear Rates of MOP THA
Eight clinical studies from seven publications specifically addressed serial data on the wear rates or penetration rates of MOP THA, which permitted evaluation of changes in rates with time in patients [2-5, 8, 20, 22] . Radiographic data valid for penetration measurements from the report by Charnley and Halley [2] covered 9 to 10 years in 72 hips among patients whose average age was 63 years at the time of surgery using a 22-mm head against conventional UHMWPE involving the Charnley method of measuring penetration. It is likely these sockets had been sterilized chemically [8] . In their report, penetration peaked at about 1 year and thereafter progressively declined, with a continuing small rate of decrease after 4 years but no increase out to 10 years. When they subdivided the group into those with total penetration of up to 1.5 mm (the lowto average-wear group) versus those with total penetration of greater than 1.5 mm (the high-wear group), they found a similar pattern, namely a progressive decrease in penetration rate/year after the peak at about 1 year, but no evidence of an increase in wear at any time after the initial peak [2] . If one assumes the early penetration rate that peaked at about 1 year represented the sum of creep and wear and creep had largely ceased by the time of this peak, [8] reported on 87 explanted nonirradiated Charnley hips in which penetration was assessed using a shadowgraph technique. The average implantation time was 9.25 years (range, 0.8-17.5 years) and the average age of the patients was 55 years (range, 19-73 years). In 83 of these hips, the revisions were performed for one or more loose components. The penetration rate was obtained by dividing the total penetration by the duration since implantation. The mean penetration rate in this series of retrievals was 0.204 mm/year (range, 0.005-0.6 mm/year), perhaps reflecting the influence of loose components or the higher rate of wear of conventional polyethylene sterilized without radiation. They found no increase in the penetration rate with time, after the initial peak involving both creep and wear.
The study of polyethylene wear rates from the University of Iowa [22] , using the edge detection technique of analysis [24] was drawn from the analysis of 1237 radiographs in 197 patients performed by a single surgeon using Charnley implants and techniques. In that study, there was an average of 6.4 data points of wear/patient over a period averaging 10 years. After the bedding-in period, the authors found ''essentially constant wear rates for individual patients'' and added ''there was no evidence of mid or late term acceleration of polyethylene wear'' [22] .
A fourth example is the data from an analysis of wear rates in two series of hips performed by Orishimo et al. [20] , using the method of Martell and Berdia [18] In that study, they compared wear of gamma-irradiation-sterilized conventional polyethylene and ethylene oxide (ETO)-sterilized conventional polyethylene with radiographs every 2 years covering 17 years in the gamma-irradiated material and 14 years in the ETO-sterilized material. In these studies, all femoral heads were made of chrome-cobalt and had a 32-mm diameter. Their findings led them to conclude over time per patient there was ''no evidence to suggest the wear rates were increasing'' in either series [20] .
One study [4] reported on penetration data in 93 primary MOP THAs in patients of an average age of 50 years using compression-molded UHMWPE against a chrome-cobalt 28-mm femoral head. From these data, they reported interval head penetration rates (which thus become wear rates) for 4 to 6 years, 7 to 9 years, and after 9 years, using the technique of Livermore et al. [15] . Their data showed an increase in median linear wear rates (millimeter/year) starting after Year 6, from 0.07 (range, 0-0.63) in Years 4 to 6 for 83 hips to 0.17 (range, 0-1.40) during Years 7 to 9 for 71 hips to 0.270 (range, 0-2.11) after 9 years in 24 hips.
In a subsequent study comparing wear rates of compressionmolded conventional gamma-in-argon-sterilized UHMWPE from their 2005 publication [4] , these same authors [5] showed the gamma-in-argon-sterilized UHMWPE showed no increase in wear rates over time. Another report [3] described serial wear measurements of 38 primary THAs in Japanese patients with an average age of 56.7 years and body weight of 53.3 kg using 22-mm femoral heads against gamma-in-air-sterilized UHMWPE over 10+ years, measured by a two-dimensional computerized assessment of the AP radiographs. After the bedding-in period, there was a progressive decline in wear rates and no rise in wear rate out to 10.9 years.
An experimental study of impingement and wear examining conventional irradiated polyethylene versus highly crosslinked polyethylene found the 10-MRadirradiated material was more resistant to impingement than the conventional irradiated material, and the highly crosslinked polyethylene with edge wear produced by impingement had an overall wear rate of less than 1 . 2 of that of the conventional material [6] .
Discussion
Current adverse tissue responses in certain MOM THAs and the presence of squeaking and stripe wear in COC THAs have focused attention on the importance of edge wear in these hard-on-hard articulations because these adverse factors are related in large measure to edge wear. This edge wear can be associated with acceleration of the general wear of the articulation. This focus on edge wear in hard-on-hard articulations prompted my investigation into the role of edge wear in causing accelerated overall wear of the polyethylene across MOP articulations.
The limitations of this study are several. The first is the assumption that the high frequency of impingement in MOP articulations in some series and the demonstration of microseparation on MOP articulations in a small group of patients are representative. A second assumption is, in those patients with edge loading, it occurs with sufficient frequency over long enough duration to cause edge wear, in contrast with a static demonstration at retrieval or the shortterm demonstration in microseparation studies in vivo. A third assumption is the detection methods used to measure wear are refined enough to be able to identify changes in wear rate over time. In support of the possibility that the methods are refined enough to be able to provide this information is the fact that multiple different methods were reported here, ranging from shadowgraphy [8] to the radiographic methods of Charnley and Halley [2] , Livermore et al. [15] , Martell and Berdia [18] , and the University of Iowa [24] . Finally, none of these studies addressed specifically the issue of malposition of the femoral or acetabular components or both. However, if anything, malposition of a component or components would likely increase rather than decrease the edge loading. Also, despite that limitation, increase in wear was detected in only one of the eight series.
The evidence strongly supports edge loading and the resulting edge wear are widespread phenomena in MOP articulations. The occurrence of these common phenomena was not associated with detectable increases in the overall penetration rate or wear rate of the femoral head into the polyethylene in vivo in seven of the eight series of serial wear rates or penetration rates. This observation was supported by clinical data involving unirradiated conventional polyethylene and gamma-irradiated conventional polyethylene and by one experimental study of one crosslinked polyethylene. The counterface metals used in the clinical studies showing no increase in wear rates were either stainless steel or chrome-cobalt femoral heads. The head sizes involved in these studies ranged from 22 to 32 mm.
Of note in the one report that found an increase in penetrations of the head into the polyethylene after Year 6 is the unusually high rates of penetration reported, leading to median penetration rates of 0.27 mm/year after 9 years in the 2005 report [4] and 0.42 mm/year after 9 years in the 2009 report [5] , while the corresponding early penetration rates after creep had ceased were 0.07 mm/year at 4 to 6 years in the first study [4] and 0.14 mm/year at 4 to 6 years in the second study [5] . No other authors have published data on increasing rates of penetration with time after the bedding-in period, and none have shown median linear wear rates of these magnitudes at those durations. Those authors suggest these changes might be based on mechanical degradation over time based on oxidation, but no evidence was presented in these cases to establish oxidation or its effect on wear.
From experimental studies of microseparation in the hip simulator, Fisher's group [26, 27, 31] showed the microseparation form of edge loading used in their experimental model accelerated wear of the overall articulation with both MOM and COC articulations. Importantly, the results of similar studies using MOP articulations were exactly the opposite. These studies showed the wear at the articulation of the MOP joints was actually decreased compared to similar studies without the addition of microseparation. Furthermore, studies from that same group also compared microseparation versus no microseparation in the hip simulator using a ceramic femoral head against conventional polyethylene material [31] . In this comparison, they found reduced wear of the polyethylene articulation under conditions of microseparation compared to identical studies without the microseparation.
Thus, these data confirm edge loading is common in MOP articulations. In contrast, the bulk of the data suggest edge loading in MOP articulations and its resulting edge wear do not accelerate overall wear of the joint. Thus, in relation to the specific question of an increase in wear of the joint in MOP THA articulations secondary to edge loading, the MOP articulation appears to have a privileged position.
While the data presented here might represent a form of ''forgiveness'' in MOP THAs in terms of impingement and edge wear relative to the overall acceleration of penetration of the head into the polyethylene, no data in the literature reduce the importance of persistent and sustained efforts to reduce or eliminate impingement and/or edge loading.
